Abstract Available data on suspended sediment transported by rivers in the Maghreb are reviewed for 130 drainage basins. These data allow a new estimate to be proposed for the delivery of river sediment to both the Atlantic Ocean and the Mediterranean Sea from the Maghreb region. The influences of several environmental factors (precipitation, runoff, drainage area size and lithology) on mechanical erosion and fluvial sediment transport are analysed. Finally, a multiple regression model is proposed to estimate the river sediment yields in the Maghreb.
INTRODUCTION
Many authors who have studied global patterns of erosion have often neglected the importance of erosion in the Maghreb. Fournier (1960) and Strakhov (1967) considered the Maghreb to be one of the least eroded areas after the desertic zones. Milliman & Meade (1983) assumed that the sediment yield of the Maghrébin rivers was about 100 t km" 2 year" 1 . Walling (1984) suggested that all those values were underestimates and proposed a suspended sediment yield of 1000 to 50001 km" 2 year" 1 . That estimate was based on several studies of Maghrébin rivers including those of Heusch & Milliès-Lacroix (1971) in Morocco, Algeria and Tunisia, Demmak (1982) in Algeria, Ghorbel & Claude (1977) in Tunisia and some others. Recently, Snoussi (1988) and Snoussi et al. (1990) studied three major rivers in Morocco and estimated the mean annual suspended sediment yield to be about 750 t km" 2 year" 1 for Morocco. The disparity between the various values quoted above reflects both the Open for discussion until 1 June 1993 difficulty of measuring mechanical erosion and fluvial suspended sediment transport in these semiarid regions and the spatial variability of erosion intensity in response to the very contrasted and aggressive climate, the poorly vegetated soils and the strong relief.
In this paper, the available data on river suspended sediment transport in the Maghreb, which have been summarized by SOGREÀH (1983) , are reviewed. The main purpose of this study is to develop a multivariate model to account for the suspended sediment yields of Maghrébin rivers and to propose a new estimate of the total fluvial suspended sediment discharge to the ocean for the whole Maghreb.
THE STUDY AREA
The Maghreb is a mountainous region of northwestern Africa, covering the northern part of Morocco, Algeria and Tunisia. The study area is bounded to the north and west respectively by the Mediterranean Sea and the Atlantic Ocean. In the south, the limits follow the boundaries of the drainage basins, located between the endoreic saharian zones and the exoreic areas (Fig. 1) .
Thus the Maghreb is subjected to contrasting climatic influences. In summer, the climate is dominated by the saharian aridity with high temperatures and low precipitation; in winter, the climate is colder and wetter because of the oceanic influence (Estienne & Godard, 1970) . Hence the precipitation is often very intense and varies from 400 mm year" 1 in the south to
Fig. 1 General location map of the Maghreb and its drainage area.
1400 mm year" 1 on the Mediterranean coasts and in the Moroccan mountains (USSR National Committee for the International Hydrological Decade, 1977) . The mean air temperature ranges from 10°C in winter to 25°C in summer (Estienne & Godard, 1970) . The Maghreb is also characterized by young mountains formed during the alpine orogeny, which occupy nearly all the area and reach an altitude of more than 2000 m in Algeria and 4000 m in Morocco. In such a region, there are numerous small drainage basins with strong slopes, while the alluvial plains are few and of limited extent.
The river runoff is, like the precipitation, irregular and often very stormy. Indeed, on a dry soil with poor vegetation and steep slopes, precipitation rapidely generates surficial runoff (Jansson, 1982) . As a result, mechanical denudation and fluvial suspended sediment transport appear to be quite high, while rock weathering and river solute transport is limited by low rates of soil leaching (Snoussi, 1988) . Consequently, many authors have been interested in mechanical erosion in the Maghreb, but most of their investigations are local studies, concerned, for example, with reservoirs.
THE AVAILABLE DATA
The SOGREAH (1983) report contains data for more than 200 measuring stations on drainage basins in Morocco (Boufous, 1982; Heusch & Milliès-Lacroix, 1971; Lahlou, 1982; Snoussi, 1988; Veron, 1967) , Algeria (Demmak, 1982; Licitri & Normand, 1969; Tixeront, 1960; Thevenin, 1959) and Tunisia (Bouzaiene, 1980 (Bouzaiene, , 1981 Eoche-Duval, 1977; Ghorbel & Claude, 1977; Hadri & Tschinkel, 1976; Lafforgue, 1981; Tixeront, 1960) . For each river basin the following information is provided: the name of the river, the name of the gauging station, the drainage basin area (4) in km 2 , the mean annual rainfall (P) in mm year" 1 , the mean annual river runoff (i?) in mm year" 1 , the mean annual suspended sediment yield (T ss ) in t km" 2 year" 1 and the rock type. Incomplete observations and data representing only extreme flood events have first been eliminated. Rock type is a qualitative variable, and each lithological formation has been ascribed a coefficient (K ER ) which represents rock erodibility. K ER is the ratio between the mechanical denudation rate of a given rock and the denudation rate of granite which is considered to be the most resistant to mechanical erosion. The erodibility of each rock type has been estimated (see Probst, 1990 ) using the denudation rates of different rock types given by Chorley et al. (1984) for monolithologic drainage basins in the USA. K ER increases with the suceptibility of the rock to mechanical erosion (Table 1) . For example, consolidated sedimentary rocks like sandstones and limestones appear to be four times more erodible than granite, while marls are 50 times more erodible than granite.
A distinction has been made between upstream gauging stations and downstream gauging stations and between where the river basins drain into the sea and into the ocean. Among the 130 basins studied, 36 represent major basins (Fig. 2) of the Maghreb.
According to the available data, the specific suspended sediment yields can be very high in the Maghreb. Several drainage basins show sediment yields higher than 7501 km" 2 year" 1 ( Fig. 2) and five basins exceed 50001 km" 2 year" 1 , reaching 7200 t km" 2 year" 1 for the Agrioun river in Algeria. Such specific sediment yields are among the highest in the world and comparable to the values quoted by Milliman & Meade (1983) for China, Southeast Asia, the Himalayas and large Pacific islands. The data used in this study may be obtained from the authors on request. 
RELATIONSHIPS BETWEEN DIFFERENT ENVIRONMENTAL FACTORS AND SUSPENDED SEDIMENT YffiLDS
For each rock type, a discharge-weighted mean concentration (Q,) of suspended sediment in the water draining the river basin has been calculated (Fig. 3) . As might be expected, the mean concentration decreases as the hardness of the rock increases, except in the case of granites and silts. Comparable results have already been obtained by Heusch & Milliès-Lacroix (1971) for 93 Maghrébin river basins and by Tixeront (1960) for eight Algerian river basins. The silts exhibit a low concentration because this rock type is found in the limited plain areas of the Maghreb where mechanical erosion is absent. The value of mean concentration given for the granites is not representative because it is based on only two very small basins, which are associated with quite high concentrations, whereas the granites are normally very resistant to denudation. Leaving aside those two anomalies, three rock groups with different mean concentrations may be distinguished: (a) poorly cohesive rocks (marls with K ER = 50) with very high concentrations; (b) strongly cohesive rocks with low concentrations (limestones and sandstones with K m = 1-4); and (c) an intermediate group with rocks of average cohesion with different mean concentrations: schists and micaschists, shales, pelites, marly sandstones and marly limestones (K ER = 10-27). Because of their anomalous behaviour, the basins developed on silts and granites have not been used in the following analysis.
size of arrows corresponds relative sediment discharge numbers refer to mean annual discharges of suspended sediment in millions of tons
Fig. 2 Annual discharges of suspended sediment from 36 Maghrébin basins and corresponding sediment yield.
The relationship between suspended sediment yield (T ss ) and river runoff (R)
As seen on Fig. 4 , no simple relationship between suspended sediment yield (T ss ) and river runoff (i?) could be established for all the drainage basins because of the multiple factors which control mechanical erosion. However, quite a good relationship is evident if one considers the different groups of rock types defined above, particularly the poorly cohesive rocks (K ER = 50) and the strongly cohesive rocks (K ER = 1-4). Indeed, for the moderate erodibility rocks (K ER = 10-27), the cluster of points appears relatively scattered even if the relationship is statistically significant. For each rock group, the suspended sediment yields increase with increasing runoff, but this increase is more rapid for rocks with low cohesion than on sandstones, i.e. for a given runoff intensity, sediment yields are greater on marls than on sandstones or micaschists. The mathematical expressions fitted to those relationships are bilogarithmic (Table 2) as already calculated by Tixeront (1960) for several river basins in Algeria and Tunisia. The relationships do not follow the pattern of Langbein & Schumm (1958) in which the suspended sediment yield decreases when the annual effective precipitation (i.e the amount of precipitation required to produce the known amount of runoff) exceeds 250 mm. No significant relationship could be found between suspended sediment yield (T ss ) and mean annual precipitation (P), probably because of the protective effects of vegetation cover which are also related to the rainfall (Langbein & Schumm, 1958; Wilson, 1973; Probst, 1990) .
The relationship between mean suspended sediment concentration (C) and mean annual river runoff (R)
The protection of the soil by vegetation is also invoked by Heusch & MilliesLacroix (1971) to explain the inverse relationship between mean suspended sediment concentration and mean annual runoff. Figure 5 provides a plot of suspended sediment concentration (Q versus mean annual runoff (R) which exhibits the following characteristics. Firstly, mean suspended sediment concentration decreases very rapidly with increasing runoff and tends towards a limiting value of a few grams per litre. The calculated relationship does not possess a good correlation coefficient but it is nevertheless significant ( Table 2 ). The scattering of the data points indicates that several different parameters influence suspended sediment concentration, including vegetation cover for example, as proposed by Heusch & Milliès-Lacroix (1971) .
Secondly, the concentration can be very high at low river runoff and such high concentrations occur mainly in river basins underlain by marls, as already shown by Heusch & Miliès-Lacroix (1971) .
Many authors, using different methods, have shown that 15 to 50% of the suspended sediment yield can be attributed to channel erosion during relatively low flows (Leopold et al, 1964; Etchanchu & Probst, 1986; Kattan et al., 1987) . The high suspended sediment concentrations observed in some Maghrébin rivers could therefore be induced by channel and gully erosion on Curves represent models calculated for each rock group; dotted lines delimit each point cluster area
Fig. 4 Suspended sediment yield (T ss ) as a Junction of mean annual river runoff (R) and rock erodibility (K ER ).
marly rocks. As runoff increases, the contribution of slope erosion which supplies a mean suspended sediment concentration of only a few grams per litre increases (Fig. 5 ). This pattern is in good agreement with the values estimated by different authors for the suspended sediment concentrations in surface runoff (Q): Gac (1980) for the Chari river in Africa (Q=l g l" 1 ), Etchanchu & Probst (1986) for the Girou river in southwestern France (CR=1.06 g l 1 ), Kattan et al. (1987) for the Senegal river (Q=1.33 g H), Probst & Sigha (1989) and Probst (1990) for 26 major world river basins .
The relationship between suspended sediment yield (T ss ) and drainage basin area (A)
Generally, suspended sediment yields decrease when the drainage basin area increases because of the greater importance of depositional processes in large basins (Trimble, 1977; Walling, 1983) . Figure 6 shows the same trend for the Maghreb. However the data points are relatively scattered, probably due to the range of different geological substrata involved. The relationship between log l0 (T ss ) and log w (A) is nevertheless significant as seen in Table 3 . This relationship can be compared with that established by Milliman & Meade (1983) for major world rivers, although the size of the drainage basins involved is not in the same order of magnitude. Figure 6 demonstrates that the Maghrébin rivers have, on average, a higher suspended sediment yield than the major world rivers, whatever the runoff. Moreover, the suspended sediment yield decreases less rapidly for Maghrébin rivers when the basin area increases.
Multiple regression model
As noted above, several factors influence suspended sediment yields. An A (km 2 ) Milliman & Meade (1983) for large river basins of the world. attempt has therefore been made to establish a multiple regression relationship between the sediment yield (T ss ) and drainage basin area 04), mean annual 
Fig. 6 Suspended sediment yield (T ss ) as a Junction of basin area (A), compared with corresponding relationship calculated by

precipitation (P), mean annual runoff (R) and rock erodibility (K^).
The regression analysis has been undertaken using SAS statistical software (SAS Institute Inc., 1985) . The procedure finds subsets of the independent variables (A, P, R, K m ) that best predict the dependent variable (T ss ) using observations, excluding the basins underlain by granite and silts. The selection of the variables (Fig. 7) is based on the statistical coefficient C(p) of Mallows (1973) . The C(p) statistic is a measure of the total squared error for a subset model containing/? independent variables. If C(p) > (p + 1), the model specification is considered to be incomplete. If C(p) < (p + 1), the model is considered to be overspecified, that is it contains too many variables. The number of variables (p) in the model is optimum for a value of C(p) between the minimum and the point where C(p) exceeds (p + 1). As seen on Fig. 7 , the procedure retained only three significant variables which are, in order of importance, the rock erodibility (K ER ), the mean annual runoff (R, mm year" 
Fig. 7 Variation of Mallows C(p) with the number of parameters in the model (p).
Mean annual precipitation (P) was not selected by the procedure, probably because it is directly related to river runoff as noted by Heusch & Milliès-Lacroix (1971) . In Fig. 8 
Mg. 8 Predicted values of T ss calculated from equation (1) vs observed values of T ss .
equation (1) where IL is the ratio between the area occupied by marly rocks and the total drainage basin area, Ip is the product of percentage and frequency of rainfall events higher than 20 mm, and CT is the product of drainage density and elementary thalweg frequency. Indeed this last regression equation is easily applicable to a homogeneous zone with sufficient data to calculate the different coefficients IL, Ip and CT. However, it is difficult to use this equation for the whole Maghreb. Nevertheless, it is interesting to remark that the different coefficients used in Demmak's equation are more or less related to the different factors used in the regression model of equation (1): IL corresponds to K ER , Ip is related to R and CT increases when A decreases. Equation (1) also reflects the importance of sediment delivery in interpreting the relationship between suspended sediment yield and drainage basin area discussed above. In equation (1), there are two parameters (R and K ER ) which are positively related to erosion intensity and the parameter A which is negatively related to sediment yield. The proportion of eroded sediment which is trapped by depositional processes in the downstream portion of a basin increases when die drainage basin area increases (Trimble, 1977; Walling, 1983) . Then, when the drainage area tends to zero, the downstream deposition tends to be nil and one can assume that the sediment transport (T ss ) reflects slope erosion (E). According to equation (1) 
Using equations (1) and (3), the suspended sediment yield of a given basin can be expressed as follows:
The sediment delivery ratio (S D ), as described by Trimble (1977) and Walling (1983) , is the ratio between the suspended sediments exported by the river (T ss ) and the amount of sediment eroded on slopes (£):
Thus from equations (4) and (5), the sediment delivery ratio can be expressed as follows:
This theoretical model allows one to estimate that for a drainage area 04) of 1000 km 2 , 95% of the material generated by slope erosion is transported out of the basin by the river. This percentage appears much too high and it is probably a substantial overestimate when compared with the data given by Robinson (1977) , Trimble (1977) , Walling (1983) and Etchanchu (1988) for the central and eastern parts of the USA which suggest that only 5 to 8% of the sediment generated by slope erosion is exported. Nevertheless, this contrast might reflect the particular climatological and morphological characteristics of the Maghrébin river basins which cause a large proportion of the material generated by slope erosion to be exported from the basins.
Using equation (1), it is also possible to estimate the mean suspended sediment yield for the major Maghrébin rivers studied. Using the 36 major basins (Fig. 2) 
INPUT OF FLUVIAL SUSPENDED SEDIMENT TO THE OCEAN
Method of estimation
The estimates developed are for natural conditions, and take no account of reservoirs which may have a major influence on sediment yields (Ghorbel & Claude, 1977; Colombani, 1977) . That influence is difficult to estimate because the magnitude of reservoir sedimentation depends on the nature of the reser-voir, its location and its use. Hence, Ghorbel & Claude (1977) and Colombani (1977) have calculated, using measurements in seven reservoirs, that the mass of sediment trapped could vary from 37% to 98% of the total sediment input. This is a very significant proportion, but it is very difficult to extrapolate from one reservoir to another. Furthermore, Colombani (1977) pointed out that sediment concentrations are low downstream from reservoirs, increasing the capacity of the flow to erode and transport as compared to the same river without a reservoir. Quantification of the influence of reservoirs on Maghreb sediment yields is therefore very difficult and this study has focussed on establishing a suspended sediment yield budget for natural conditions. Another difficulty in deriving such an estimate, as highlighted by Milliman & Meade (1983) , is that gauging stations are not always located near the river mouth. Thus, the suspended sediment discharge measured at the gauging station could differ from that actually exported to the ocean. Such problems seem to be limited in the case of the Maghreb because steep slopes, small basins and intense precipitation induce a high river transport capacity, and the major part of the suspended sediment discharge occurs during spring floods (Demmak, 1984) with a high probability of reaching the ocean.
In this study, the total sediment discharge of the Maghreb (F M ) has been estimated by extrapolation of the total sediment discharge (F 0 ) measured in the different major river basins. This extrapolation has been based on the ratios of drainage areas (A M /A 0 ), total mean annual rainfall (P M fP 0 ) and total mean annual runoff (R M /R 0 ), between the Maghreb (M) and the sum of the major river basins (O). Among the 130 river basins studied, 36 stations which control the downstream part of the major drainage basins of the Maghreb have been retained (Fig. 2) . As seen in Table 3 , the drainage area of those 36 drainage basins represents 50% of the total Maghreb area. However, the total runoff and the amount of precipitation represent only 42% and 47% respectively of the Maghreb values. In order to improve the extrapolation, a distinction has been made between the river basins which drain into the Mediterranean Sea and those which drain into the Atlantic Ocean. For the total exoreic area of the Maghreb, the total runoff (R M ) and precipitation (P M ) have been estimated using the climatic maps of the USSR National Committee for the International Hydrological Decade (1977) . The total sediment discharge of the Maghreb has then been calculated as follows, if one uses for example the drainage basin area ratio:
All the results of the calculations are reported in Table 3 .
Results
The total suspended sediment discharges calculated using the drainage area, precipitation and runoff ratios are very similar, whereas, if the Atlantic and Mediterranean drainage areas are distinguished, some disparities between the extrapolated values are evident, although the sediment discharges for major rivers are of the same order of magnitude. The differences are probably induced by the variability of the parameters involved and the difficulties of estimating them precisely. For example, the runoff ratio between the major drainage basins and the whole Atlantic or Mediterranean exoreic drainage area is higher for the former than for the latter. Area appears to be the most reliable parameter. Indeed the sediment yield extrapolated for the Atlantic drainage area (613 t km" 2 year" 1 ) using the drainage area ratio is close to the value (750 t km" 2 year" 1 ) estimated by Snoussi (1988) and Snoussi et al. (1990) for Morocco (Table 4) . If one considers the values calculated using the drainage area ratio (Table 4) , 60% of the total suspended sediment enters the Atlantic Ocean and the remaining 40% enters the Mediterranean Sea.
As seen in Table 4 , the sediment budget for this study is considerably greater than that estimated by Milliman & Meade (1983) , but it suggests a specific sediment yield which is not as high as the values given by Walling (1984) . The calculations give a mean annual suspended sediment yield of 504-513 t km" 2 year" 1 , which is in good agreement with the value calculated previously using the regression model (420 t km" 2 year" 1 ). This new estimate for the Maghreb increases the total sediment input to the oceans from Africa proposed by Milliman and Meade (1983) from 530 x 10 6 t year" 1 to 670 x 10 6 1 year" 1 , representing a significant increase of more than 25%.
CONCLUSION
The available data on river suspended sediment transport in the Maghreb were Fournier (1960) 60 to 600 Strakhov (1967) 10 to 50 Heusch & Milliès-Lacroix (1971) 265 to 2569 Milliman & Meade (1983 100 110
Dedkov&Mozzherin (1984) 100 to 250 Walling (1984) 1000 to 5000 Walling & Webb (1987) > 500 Snoussi (1988) used in this study to estimate an annual sediment input to the ocean from the whole Maghreb of 210-250 x 10 6 t, according to the method of estimation used (sum of river sediment discharges or regression model). Those sediment discharges represent high values of specific sediment yield (420 to 500 t km" 2 year" 1 ) which are probably among the highest values in Africa. The specific sediment yields appear to be higher, on average, for the river basins which drain into the Atlantic Ocean (610 t km" 2 year" 1 ) than for those draining into the Mediterranean Sea (400 t km" 2 year" 1 ). This study has also identified some significant relationships between suspended sediment yields and several environmental factors influencing mechanical erosion, viz.: (a) mean suspended sediment concentrations and specific sediment yields increase with an increase in rock erodibility, from granites, through limestones and sandstones to marls. For each rock type, a relationship between specific sediment yield and runoff intensity can be established; (b) for all river basins, the mean suspended sediment concentration is inversely related to mean annual runoff, and tends to a limiting value of a few grams per litre; (c) specific suspended sediment yield (t km" 2 year" 1 ) decreases when the drainage basin area increases. Nevertheless, that decrease is less marked than that calculated by Milliman & Meade (1983) for the major world river basins; and (d) finally, a multiple regression model has been established for all river basins of the Maghreb relating specific suspended sediment yield (T ss in t km" 2 year" 1 ) to several environmental factors. The factors identified by the regression, in order of influence, included the rock erodibility (K ER which varies from 1 to 50, going from the granites to the marls), the mean annual runoff (R in mm) and the drainage basin area (A in km 2 ). Using the model to extrapolate to the whole exoreic Maghreb produced an estimate of the mean sediment yield of 420 t km" 2 year" 1 , a value close to the estimates obtained from the sum of all major river sediment discharges (510 t km" 2 year" 1 ).
